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ABSTRACT:  
Owing to their unique chemical and physical properties, colloidal gold nanoparticles have 
prompted a wide variety of biocompatible nano-agents for cancer imaging, diagnosis and 
treatment. In this context, biofunctionalized gold nanorods (AuNRs) are promising candidates 
for light-induced hyperthermia, to cause local and selective damage in malignant tissue. Yet, the 
efficacy of AuNR-based hyperthermia is highly dependent on several experimental parameters; 
in particular, the AuNR morphology strongly affects both physical and biological involved 
processes. In the present work, we systematically study the influence of different structural 
parameters like the AuNR aspect ratio, length and molecular weight on in vitro cytotoxicity, 
cellular uptake and heat generation efficiency. Our results enable us to identify the optimum 
AuNR morphology to be used for in vivo hyperthermia treatment.  
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INTRODUCTION 
Beyond the unique optical properties arising from nanoscale matter confinement, there is a 
growing interest around the photothermal properties of absorbing nanoparticles and their 
application to heat management
1–6
. Indeed, efficient photothermal nanosources like carbon 
nanotubes
7,8
, graphene oxide flakes
9–11
 and metallic nanostructures
12,13
  offer great opportunities 
to remotely control heat generation on the nanometer scale with unprecedented heating/cooling 
kinetics
14–17
.  In this context, noble metal nanostructures, featuring enhanced absorption at their 
Localized Surface Plasmon Resonances (LSPR), have so far received most attention and already 
found applications in nanomedicine
18–21
. In particular, colloidal gold nanorods (AuNRs)  have 
shown to be efficient and flexible agents for local and targeted tissue ablation
18,22–29
. The 
prevalence of AuNRs is not only explained by their tunable photothermal properties throughout 
the visible to near infra-red wavelength range; it is also due to their high biocompatibility, 
adaptable surface chemistry and possible large scale production
30–32
. So far, only few studies 
have investigated the influence of AuNR structural parameters
13,33,34
 on their performance as 
hyperthermia agents. Other investigations
13,33
 calculated numerically the influence of the AuNRs 
aspect ratio on their photothermal performance. More recently, MacKey et al reported on a first 
experimental study, comparing the photothermal properties of three types of AuNR and their 
capability to induce in vitro cell necrosis
34
. Yet, none of these prior reports accounted for the 
influence of the AuNRs morphology on the involved cell biology, which is of pivotal importance 
in plasmon-based hyperthermia.  
Here we present, for the first time to our knowledge, an exhaustive study accounting for heating 
performance, cell uptake and toxicity that enables us to identify the optimum AuNR morphology 
for in vivo local hyperthermia treatment.  
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Figure 1. Sketch of the three groups of AuNRs under study. L and ϕ are length and diameter of 
the AuNRs, respectively. In the first group (in red), AuNRs have fixed aspect ratio (AR=L/ϕ), 
the second group (in green) is formed by AuNRs with fixed diameter (ϕ) while the AuNRs of the 
third group (in blue) feature fixed molecular weight (MW). The detailed geometrical parameters 
of each of the 10 AuNR samples are gathered in Table 1.  
 
EXPERIMENTAL 
GOLD NANORODS SYNTHESIS  
All AuNR suspensions were manufactured in-house in cetyl trimethyl ammonium bromide 
(CTAB, Sigma-Aldrich) solution by using a slightly modified seed-mediated method
32,35
 and 
maintained at 31ºC. Diameter and length of the AuNRs are controlled following the protocol 
described in [32] and [35]. While the quantity of gold seed governs the overall volume of the 
AuNRs, the aspect ratio is determined by the quantity of silver nitrate. Three subgroups of 
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AuNRs were studied and are summarized in Figure 1 and Table 1. For each solution, size 
dispersion was estimated to 15% by systematic transmission electron microscopy (TEM) 
measurements on about one hundred specimens (Figure S2). Length and diameter correspond to 
the central value of the distribution diagram. In general, it has been shown that the aspect ratio 
(AR), defined as the length to diameter ratio, determines the position of the LSPR
13
. The first 
subgroup was composed of six different AuNRs with same AR, and therefore same LSPR but 
different molecular weight (MW). The second subgroup included three AuNRs with fixed 
diameter but different lengths, and thus, different LSPR and different MW. The third subgroup 
was formed by three sets of AuNRs with same MW but different AR, and consequently, different 
LSPR.  
# MW (10
6
 Da) ø (nm) L (nm) LSPR (nm) A (cm
-1
) 
1 30 10 32 740 1.43 
2 52 12 38 750 2.46 
3 82 14 45 746 4.46 
4 175 18 57 746 7.60 
5 364 23 75 744 15.45 
6 740 30 92 744 30.90 
7 62 12 46 804 3.60 
8 72 12 55 865 4.66 
9 52 11 44 808 2.94 
10 52 10 48 864 3.30 
Table 1. Table of the 10 different AuNR suspensions under study at 1 nM. #: Reference number 
of the suspension; MW: molecular weight in Dalton (10
6 
Da); ø: diameter in nm; L: length in nm; 
LSPR: Central wavelength of the localized surface plasmon resonance peak in nm; A: 
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absorbance at the LSPR at 1 nM in cm
-1
. The characterization of AuNR dimensions was 
performed using transmission electron microscopy (TEM) (Figure S2), with estimated length 
and diameter dispersion of ±15%. Each subgroup of AuNRs is associated to a different colour: 
red for the subgroup with AuNRs with fixed AR, green for the subgroup of AuNRs with fixed 
diameter and blue for the subgroup with fixed MW. Suspension #2 was included in all 
experiments as inter-assay control. 
 
GOLD NANORODS PEGYLATION 
AuNR suspensions were centrifuged at 14000 rpm for 10 minutes, at 31ºC, concentrated 10x by 
removing 90% of supernatant to remove excess of CTAB. Then, polyethylene glycol (PEG, Iris 
Biotech GmbH, Germany) was added to the AuNR in an optimal concentration for each 
nanoparticle. During an overnight process, the CTAB chains were exchanged with PEG 
moieties.  The resulting AuNR-PEG solution was filtered (25 mm RC syringe filter, 0.2 µm pore 
size, Corning Inc., NY, USA) to remove aggregation or impurities, washed twice and diluted 
with ultra-pure distilled water (MilliQ). 
 
CHARACTERIZATION OF THE GOLD NANORODS 
UV-Vis absorption spectra of all AuNR suspensions in MilliQ water were acquired with a 
microplate reader (Synergy H1, BioTek Instruments, Inc., Vermont, USA). Optical density (OD) 
spectra were collected from 400 nm to 998 nm in 2 nm steps, using 96 well plates (polystyrene, 
clear, flat bottom, Nunc MicroWell, Thermo Fisher Scientific) with 0.69 cm path length (for a 
final volume of 250 µL). Water spectrum subtraction and triplicates were done for each sample. 
AuNRs concentration was determined as	 = /( · 
), where c (mol/L) is the molar 
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concentration, OD (a.u.) is the optical density, l (cm) is the path length and ε (1/(cm·mol/L)) is 
the molar extinction coefficient.  
 
CELL TYPE AND SAMPLE PREPARATION  
A-549 (human lung epithelial carcinoma, ATCC CCL-185) and 786-O (human renal clear cell 
adenocarcinoma, ATCC CRL-1932) cell lines were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) and Roswell Park Memorial Institute (RPMI) 1640 media, respectively, 
supplemented with 10% fetal bovine serum (FBS) and maintained at 37ºC and 5% CO2. Passages 
were done before cultured flasks reached 80% confluency.  
For cytotoxicity and uptake experiments, 5000 cells per well were seeded in 96 well plates (flat 
bottom, Corning Inc., NY, USA) and let grown for two days. Eventually, each well contained 
20000 cells before incubation with AuNR-PEG. In all cases, 100 µL of AuNR-PEG diluted in 
appropriate culture medium without FBS were added to each well. 
 
CYTOTOXICITY 
Cytotoxicity of selected AuNR-PEG samples was assessed at 1 nM and 3 µg of gold per well. 
After 24 hours of incubation with AuNR-PEG, 20 µL of 5 mg/mL thiazolyl blue tetrazolium 
bromide (MTT, M2128, CAS 298-93-1, Sigma-Aldrich) were added to each cell well. Plates 
were incubated at 37ºC and checked every 30 minutes until visualization of formazan crystal 
formation (~75-90 min). MTT solution was then carefully removed and cells were homogenized 
in 150 µL of dimethyl sulfoxide (DMSO) to dissolve formazan crystals. Absorbance was 
measured at 550 nm on a microplate reader (Synergy H1, BioTek Instruments, Inc., Vermont, 
USA). All plates included appropriate control alive/dead cells and 16 replicas of each condition.  
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Cellular viability was calculated by extracting the mean MTT signal of the dead control group 
from the MTT signal from each studied condition and normalizing it with the mean MTT signal 
from the alive control group. 
 
UPTAKE 
Cellular uptake of selected AuNR-PEG was measured in A-549 cells by means of two-photon 
luminescence (TPL) imaging using a confocal microscope (Leica TCS SP5, Leica Microsystems) 
coupled to a Kerr lens mode-locked Ti:sapphire laser (Mira900, Coherent with 200 fs pulse 
duration at a frequency of 80 MHz) tuned at the AuNRs resonance, and 35 mJ of average energy. 
For cellular uptake study, different AuNR-PEG concentrations were prepared as described above 
in order to add 3 µg of gold per well. Before TPL imaging, the culture medium containing excess 
of AuNR-PEG was removed from the wells, cells were fixed with 2% paraformaldehyde (PFA) 
for 15 minutes, washed twice with phosphate-buffered saline (PBS) solution and let in 1% PFA. 
TPL signal from internalized AuNR-PEG was measured after 2 hours, 6 hours, and 24 hours of 
incubation with cells. TPL and bright field images from two random positions in the well and 
triplicates for each type of incubated nanoparticles were acquired (n=6 for each AuNR 
suspension). The calibration curve of the TPL signal for each type of AuNR-PEG was acquired 
using a suspension of these AuNR-PEG in water at different molar concentrations (data not 
shown). Image processing and AuNR uptake quantification was done using ImageJ software. 
Bright field images were used to demarcate cell boundaries to ensure TPL signal quantification 
from internalized AuNRs.  
 
HEATING STUDY 
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To evaluate the heating efficiency of the different AuNRs, 300 µL of each suspension at 0.5 nM 
(if not specified otherwise) were added to poly(methyl methacrylate) (PMMA) cuvettes with 10 
mm path length (Brand 759115, Sigma-Aldrich). Suspensions were illuminated from the top with 
a 2 cm diameter beam from a tunable Ti:sapphire laser (Mira900, Coherent) in CW mode,  
adjusted at the LSPR wavelength of each suspension. Changes in suspensions’ temperature were 
recorded with an infrared (IR) camera (A35sc, FLIR) at 15 Hz in a region of interest (ROI) 
perpendicular to the largest surface of the cuvette. Prior to laser exposure, a baseline of the initial 
temperature was obtained for 25 seconds; samples were then illuminated during 10 minutes and 
temperature was recorded for 10 additional minutes after switching off the laser. 
The temperature behavior of suspension number #2 (Table 1) was further studied under different 
conditions of laser power (150 mW, 300 mW, 450 mW and 600 mW), with fixed concentration 
of particles at 0.5 nM (Figure S1(a) and Figure S1(b)). Additionally, we studied heating of 
different AuNR concentrations (0.1 nM, 0.17 nM, 0.5 nM and 1 nM) under fixed laser power at 
300 mW), at constant exposure time (Figure S1(c)).  
 
RESULTS 
OPTICAL CHARACTERIZATION OF AuNRs  
The absorbance spectra of the ten AuNR suspensions (Figure 1 and Table 1), at a fixed molar 
concentration per total gram of gold, are shown in Figure 2. The measured spectra for the group 
of AuNRs with fixed AR verifies that the wavelength of the LSPR peak is maintained despite the 
gold volume increase, in Figure 2(a). For the group of AuNRs with constant diameter, in good 
agreement with theory
29
, the LSPR peak is shifting to larger wavelengths when increasing AR, as 
shown in Figure 2(b). Less intuitive, in the group of AuNRs with constant MW (fixed quantity 
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of gold), the maximum absorbance at the LSPR increases with the AR (Figure 2(c)). We can 
argue that longer and thinner nanocylinders leads to larger electronic currents circulating along 
in their longer axis and, hence, greater Joule effect. Our optical data enable us to validate the 
quality of our samples and illustrate possible ways of tuning the efficiency of AuNRs to interact 
and absorb light as other investigations pointed out before
31,36
.  
 
Figure 2. Absorbance (A) spectra of the different AuNR suspensions in cm
-1
/µg. (a) AuNR with 
AR = 3.2 and LSPR centered at ~745 nm (samples #1 to #6 in Table 1). (b) AuNR with ϕ = 12 
nm and different L (samples #2, #7 and #8 in Table 1). (c) AuNR with MW = 52 · 10
6
 and 
different AR (samples #2, #9 and #10 in Table 1). 
 
CYTOTOXICITY 
Cytotoxicity was assessed in vitro for four types of AuNRs with different diameters but fixed AR 
(10 nm, 14 nm, 18 nm and 23 nm, in Figure 3). Cell viability was analysed in A-549 and 786-O 
cells, from human lung and renal adenocarcinoma respectively, after 24 hours of incubation with 
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the AuNRs. At a fixed concentration of 1 nM (Figure 3, blue and red dots), cell viability 
decreased as the diameter of the particle increased, reducing viability down to 15% in those cells 
incubated with 23 nm diameter AuNRs. Since different nanoparticle sizes result in different 
quantity of gold at determined molar concentrations, cells were also incubated with AuNR at a 
fixed concentration of gold (Figure 3, green and purple stars). This quantity was set at 3 µg of 
gold per well as this was the total gold used with the smallest AuNR suspension (10 nm 
diameter, sample #1 in Table 1). Under these conditions, all tested AuNR showed very low 
cytotoxicity and cell viability was maintained around 85-95% compared to control alive cells. In 
both studied conditions, fixed concentration and fixed amount of gold, no differences between 
cell lines were observed. Altogether, it was shown that cell viability was not affected by the size 
of the nanorods but it was truly determined by the quantity of gold.  
 
Figure 3. Cell viability after 24 hours of incubation with AuNRs. Cell viability (%) relative to 
alive control cells is shown for the four tested AuNR suspensions (corresponding to suspension 
#1, #3, #4 and #5 in Table 1) in the A-549 and the 786-O cell lines under different experimental 
conditions. Error bars show the error propagation of the standard deviation.  
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UPTAKE 
Cellular uptake of AuNRs in A-549 cells after 2 hours, 6 hours and 24 hours incubation times is 
shown in Figure 4. For the four selected AuNR types (10 nm, 14 nm, 18 nm and 23 nm 
diameter, AuNRs sample #1, #3, #4 and #5 in Table 1, respectively), the quantity of gold was 
fixed at 3 µg of Au in 100 µL of suspension as this amount was previously demonstrated to be 
non-toxic (cell viability was above 50% and cells maintained their morphology and activity, 
shown in Figure 3). This fixed amount of gold corresponds to concentrations of 1 nM, 0.365 
nM, 0.171 nM and 0.08 nM for 10 nm, 14 nm, 18 nm and 23 nm diameter AuNRs, respectively. 
Maximal cellular uptake was obtained at 24 hours of incubation. Smaller nanoparticles (10 nm) 
showed higher uptake at all analyzed time points, with 3.5-fold, 5-fold and 13-fold greater 
internalization compared to 14 nm, 18 nm and 23 nm AuNRs, respectively.  
 
Figure 4. Cellular uptake of AuNRs. Two photon luminescence signal (TPL, in arbitrary units) 
of different AuNRs (number #1, #3, #4 and #5 in Table 1) was used to quantify the cellular 
uptake at different incubation times (2 hours, 6 hours and 24 hours). Measurements on known 
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concentrations of AuNRs were used to calibrate the TPL signal. Error bars show the error 
propagation of the standard deviation. 
 
HEATING STUDY  
Here, we studied how the maximum temperature depends on the number of nanoparticles and 
also on the total amount of gold in the suspension. This allowed us to understand the dependence 
of heat generation from AuNRs with different sizes and shapes (Figure 5). The maximum 
temperature increase of the different suspensions with fixed AR divided per the total number of 
nanoparticles reached a saturation-like plateau for larger AuNRs, in Figure 5(a). The maximum 
temperature increase per gram of gold of the different suspensions with fixed AR was 
prominently increased for smaller AuNRs, in Figure 5(b). Similarly, in Figure 5(c) and in 
Figure 5(d), all the three groups are shown together in order to evaluate the maximum 
temperature increase at a fixed molar concentration and fixed gold content, respectively.  
Figure 5. Temperature increase per nanoparticle and per gram of gold for the different 
suspensions of AuNRs. (a) Maximum temperature increase per nanoparticle as a function of 
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MW, for the AuNRs in the subgroup with fix AR (number #1-#6 in Table 1). (b) Same as (a) per 
gram of gold (c) Maximum temperature increase per nanoparticle as a function of their MW, for 
all ten AuNRs used in the experiments. The maximum molecular weight was cut at 200 x10
6
 Da 
(Da = gr/mol). (d) Same as (c) per gram of gold. The MW is cut at 200 x10
6
 Da. 
 
DISCUSSION 
The data presented in this work enables us to assess the influence of both external (such as power 
and exposure time of the incoming laser beam) and intrinsic factors (such as morphology and 
local concentration of AuNRs) on local hyperthermia induced by gold nanoparticles. By studying 
for the first time, photothermal performance, cellular uptake and toxicity on up to 10 different 
AuNRs samples, we are able to identify their best morphology towards optimum in vivo local 
hyperthermia treatment.  
Optimizing in vivo hyperthermia treatment, first requires minimizing intrinsic tissue absorption 
of the treating light source in order to both reduce damage of healthy tissue and enable a 
therapeutic effect in further depth. Owing to their different constituents (such as haemoglobin 
and water), tissue absorption is strongly wavelength-dependent, featuring a transparency window 
between 650 nm and 950 nm, also known as biological or therapeutic optical window. By 
choosing AuNRs with the right aspect ratio (AR, from 3 to 5), one can tune their plasmon 
resonance, and thus their absorption band, into the desired spectral range (Figure 2(a) and 
Figure 2(c)). Within this allowed AR range, a second parameter to optimize hyperthermia 
treatment is to maximize the light-to-heat conversion efficiency of AuNRs and consequently, the 
absorption contrast between bare tissue and AuNR-decorated tissue. Our data illustrates that, 
within the set of considered parameters, the photo-heating efficiency of AuNRs saturates with 
increasing molecular weight (MW) (Figure 5(a)). This can be understood by both an increase in 
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light scattering and the finite penetration of light inside gold (known as skin depth) that 
eventually translates into lower temperature increase per gram of gold (Figure 5(b)). 
Significantly, smaller AuNRs with LSPR centered in the tissue optical window (around 800 nm) 
perform better as heat sources than larger AuNRs (Figure 5(c) and Figure 5(d)).  
Cytotoxicity of AuNRs is shown to be independent of the shape of the AuNRs, and only 
increased with the absolute quantity of gold in the suspension. This is demonstrated in two 
different cell lines, A-549 cells and 786-O cells, as relevant model for our investigations
37
. Our 
uptake measurements point out that for a fixed non-cytotoxic gold concentration (3 µg of gold 
per well in our case), smaller AuNRs are more effectively internalized inside the cell membrane 
than larger ones. Specific uptake mechanisms were not further studied for these AuNRs, but 
nanoparticles are likely to follow an endocytosis internalization pathway which favors smaller 
molecules
38
. Therefore, more AuNRs with smaller diameter could accumulate in the cell without 
toxic side effects and, thus, maximize local enhancement of photothermal therapy. 
Literature shows that in vivo toxicity and pharmacokinetics for inorganic AuNRs with 
hydrodynamic diameter ranging from 10 nm to 100 nm -including biofunctionalization- is not 
significantly dependent of the AuNR size although they slightly improve for smaller sizes
39,40
. 
Consequently, our conclusions should mostly remain valid in vivo. Nevertheless, other 
parameters, such as administration route
41
, dosage
42
, shape
43
 or biochemical functionalization
44
, 
might have more influence
40
. 
Overall, we experimentally demonstrate that AuNRs with a diameter smaller than 12 nm and a 
LSPR at around 800 nm –such as sample #7 in Table 1- are the most promising AuNRs for local 
hyperthermia. These AuNRs have high cellular uptake, high heating efficiency compared with 
the ones with the same MW and their LSPR is located in 804 nm, just in the middle of the optical 
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biological window, where the absorption of the most important chromophores in tissue is 
minimum.  
 
CONCLUSIONS 
In this article we learned that both, cellular uptake of AuNRs and temperature increase under 
laser irradiation, do not only depend on the volume of the AuNRs, but also on their shape. This 
information is crucial to optimize the AuNRs morphology for any use of these nanoparticles for 
in vivo treatments. We demonstrate that AuNRs with diameter of about 10 nm and surface 
plasmon resonance centered at 800 nm have the best potential for future treatments based on 
photothermal ablation. 
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